Thermal decomposition course of copper acetate monohydrate was monitored by combining diffuse reflectance infrared Fourier transform spectroscopy (DRIFT) coupled with µ gas chromatography-mass spectrometry (µGC-MS) with other analytical techniques (thermogravimetry analysis and in situ X-ray diffraction). Non-isothermal kinetic was examined in air and Ar.
Introduction
Continuous reaction and analysis is a relevant approach for sustainable chemical process [1] [2] . Ideally, techniques should provide scalable data and should be suitable for adaptation to industrial equipment (for ultimate application to process and quality control). One of the main current challenges is to design How to cite this paper: Youssef, I., Sall, S., Dintzer, T., Labidi, S. and Petit, C. with specific properties based on carboxylates species. This reaction pathway concerning reaction media and applied conditions tailor final products yield, selectivity and chemical structure. Thermal dehydration and decomposition of metal acetate have been studied broadly under various conditions [5] [9] [10] .
Copper is an interesting metal according to its properties and environmental applications. For example, Cu or CuO nanoparticles are effective to remedy a range of bacterial pathogens involved in hospital-acquired infections [9] . Some green paintings are based on copper derivatives [11] as copper acetate, silicates, Cu(Ac) 2 •H 2 O has a simple process under heating, one step of dehydration followed by a step of decomposition giving rise to Cu x O y species as presented by Mansour [5] . Thermal gravimetric analysis (TGA) was a common tool for those studies and was used by some researchers to suggest the obtained copper oxides.
Other researchers proposed intermediates species as Z. Lin et al. [12] with the formation of CuAc 2 peroxides. Despite intensive studies of copper carboxylates structures, no clear mechanism had been hold to illustrate thermal decomposition of these precursors. Different mechanisms for copper acetate monohydrate thermal decomposition were proposed by several authors with some disagree with each other [5] [12] [13] . Proposal of those mechanisms was based on solid material state identification only. Several techniques are conventionally added to thermogravimetry analysis (TGA) for monitoring metal carboxylates species, coupling with differential scanning calorimetry (DSC) or additional analysis of samples with X-ray diffraction (XRD), electronic microscopies or infrared (IR) [5] [12] [14] . Each technique provides specific information of gas or solid species. Moreover, developing new process based on miniaturization and coupled analysis technique made reaction study cost-effective and intensified. To obtain decomposition and reaction mechanism, single characterization technique alone could not be enough. Recently, diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS) with an environmental reaction chamber was used by A.
Kaftan et al. [15] to elucidate reaction mechanisms for water gas shift and methanol steam reforming. The present work deals with the development of in-situ analytical approach for thermal decomposition study of copper acetate precursor in miniaturized DRIFT chamber coupled to µ gas chromatography and mass spectrometry (µGC-MS). This original coupling with new analytical approach has been developed in the lab to produce a large number of data characteristic for gas and solid species in the same time and temperature. In this article, in-situ
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XRD and TGA analysis were matched with in-situ DRIFT coupled to µGC-MS to identify both reagents by one hand and solid and gas products by the other hand for thermal mechanism reaction. The original coupling detailed by the present work allows accessibility for accurate data about mechanism steps. This work reports in-line characterization of copper acetate monohydrate thermal decomposition as a potential example for mechanism proposal by the coupling of in-line techniques. Our article will appeal for researchers having focus on development of analytical techniques but also of solid chemistry and catalysis. It deals with an example of thermal decomposition reaction to present an optimal cross of multiple in-situ characterization results to discuss mechanism reaction with more accurate data. Mechanism understanding is crucial to control material structure, thermodynamic phase stability and synthesis process. By the present work, thermal decomposition of Cu(Ac) 2 •H 2 O is used as an example to demonstrate that a simple profile of TGA correspond to complex phenomena at molecular scale detectable by coupled techniques.
Experimental

Materials
The commercial crystalline copper (II) acetate mono-hydrate Cu(Ac) 2 •H 2 O (Ac=CH 3 COO) was an ACS product of reagent grade (>98%) and used without further purification.
Apparatus
The thermal decompositions of copper acetate were analyzed by various follow-up techniques: in-situ X-ray diffraction (XRD), thermogravimetry analysis (TGA), in-situ diffuse reflectance infrared Fourier transform spectroscopy (DRIFT) coupled to micro gas chromatography (µGC) and mass spectroscopy (MS).
Methods
Thermal Analysis
The X-ray diffraction of copper acetate monohydrate was performed using TUR-M62 diffractometer with copper anticathode (λ = 1.54 Å), 34 kV voltage and 25 mA current. The XRD patterns were acquired for 2θ angles ranging from 10˚ to 70˚, with 0.03˚ steps. The XRD measurements were conducted in temperature programmed mode. For this purpose, Bruker D8 Advance diffractometer equipped with temperature programmed chamber was used. The XRD patterns were collected at temperatures ranging from 30˚C to 400˚C with heating rate of 10˚C/min flowing air or Ar. After the heating, the solid decomposition products were analyzed at room temperature into the chamber. Corresponding diffractograms during the acetate decomposition were collected at 30˚C, 110˚C, 170˚C, 190˚C, 250˚C and 370˚C. Thermal decomposition of sample was carried out in a TGA thermogravimetry (series Q5000) of TA Instruments in a flowing air or argon atmosphere (10 ml•min −1 KBr were tested and gave almost the same result for the same temperatures.
In Situ DRIFT-GC and MS Coupled Measurements
The in-situ experiments have been performed in a Vertex 70 Bruker IR spectrometer equipped with a one-pot sample compartment. The in situ setup provides all necessary gas in and outlets for flow control and allows temperature measurements. Mass flows were regulated using mass flow controllers (Bronkhorst).
For DRIFTS, we used a controlled temperature reaction home-made chamber (7 ml), smaller than high-temperature chamber from Harrick, fitted with ZnSe windows and a Praying Mantis diffuse reflection accessory (Harrick). Temperatures were directly measured in the center of the catalytic bed by mean of a 0.75 mm * 150 mm type K thermo-couple. The apparatus originality is due to its coupling mode: it is an IR spectrometer coupled with a mass spectrometer and gas phase chromatograph (μGC-MS). This allows measurements in situ during a reaction under controlled atmosphere. The flow of gas is recovered at the outlet of the chamber and is brought to through a transfer rod to the μGC-MS switchgear. The experiments are performed by a new coupled instrumentation obtained by miniaturized cell, a DRIFT spectroscopy, 3 micro gas chromatographs and a mass spectrometer. One of the present technique advantages is to allow data acquisition throughout the transformation on the solid material and on the produced gases simultaneously. The coupling with gas chromatography (gas molecule identification by mass spectrometry) makes possible to monitor continuously the emission of gas. These experimental steps are systematically car- No reabsorption, especially water, has been observed by leaving KBr sample overnight under flow.
Results
Study of Copper Acetate Decomposition by XRD and TGA
In situ XRD profiles of Cu(Ac) 2 
Analysis of Overall DRIFT Spectra Evolution during Copper Acetate Decomposition: Relation between Reaction Course and Modifications at the Molecular Scale
In this study, DRIFT analysis monitor phenomena occurring at the molecular scale during thermal decomposition reaction. To achieve this goal, main spectral regions were identified then we focused on a limited number of spectra for Cu(Ac) 2 •H 2 O decomposition at specific temperature. The in situ DRIFT spectra of Cu(Ac) 2 •H 2 O from room temperature to 410˚C in air and in He, are showed in Figure 3 , and peaks assignment are listed in Table 2 The small amount of water staying on copper is able to change the mechanism of acetate decomposition and this issue will be discussed later.
Decarboxylation/Decomposition
Step DRIFT domain spectrum between 1150 and 1850 cm rising intensity till 316˚C than fall at 600˚C under air. For inert gas, the latest bands disappeared between 315˚C and 367˚C with an increase of stretching bonds of acetic acid until 367˚C ( Figure 5 ). This observation reveals that acetate ligands start to decompose earlier under Ar and are converted to adsorbed acetic acid mainly, while, acetate ligands still bonded to copper metallic center during decomposition step under air. With TGA alone, it wasn't possible to prove the latest conclusion to assess differences in reaction mechanism under air and inert gas. with some similar intermediate species oxidized only under air. The same observation could be made for peak evolution at 2361 cm −1 related to vibration modes of CO 2 gas bonds (Figure 8) . We examined the intensity of some characteristic peaks within temperature. Figure 9 shows the variation of peaks intensity corresponding to O-H stretching in water, C=O stretching, CO 2 gas and C-CH 3 framework vibration mode. This follow-up is used to monitor, within time and temperature, similarly to TGA analysis but with more accurate information than relative mass detection. At the last step 9 → 10, copper oxide is converted to Cu with emission of CO 2
(re-increase of CO 2 level at 500˚C approximately in Figure 7 (b)).
Last steps of mechanism reaction are resumed by the following reactions equations system (3), (4) and (5) 
Conclusion
The present work deals with thermal decomposition of copper acetate monohydrate under air and Ar. A complete analysis of the evolution of infrared spectra matched with crystalline phase transition data allows to underline detailed steps for reaction mechanism. In-line µGC-MS results about chronologic desorption of major gaseous products (H 2 O, CO 2 and CH 3 COOH) correlate favorably with DRIFT spectra observations and provide accurate information about intermediates structure of copper acetate during heat treatment. While TGA gives broad conclusion about two steps reaction (dehydration and decarboxylation), in line approach (in situ X-ray and in situ DRIFT coupled to µGC-MS) was used to assess H 2 O influence on reaction mechanism under Ar. In fact, H 2 O desorption is incomplete during dehydration step as defined by TGA and residual moieties are essential to conclude CH 3 COOH acetic acid formation, main gas product under
Ar. The present in line approach is proposed as an example of a new robust and forward-looking analysis to highlight crucial information about reaction selectivity, conversion and product structure. This tool could be performed also to predict mechanism path way according to reaction media for a large numbre of products and precursors. 
